Abstract Cell death plays an essential role during Drosophila embryogenesis. However, it remains an enigma as to what mechanisms determine (or select) the specific cells to be eliminated at a particular developmental stage. Is it mostly dependent on the lineage of the cell, signifying genetic predetermination, or is it due to the failure of a cell to compete for growth factors, which is more or less by chance? Recent developments in studying the molecular mechanism of cell death during Drosophila embryogenesis has provided much insight into our understanding of the relative importance of, and the interaction between, these two mechanisms in shaping the embryo.
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Patterns of cell death during embryogenesis
Cell death has long been observed for embryos mutated for genes which govern differentiation and development [1, 2] . Systematic analysis of cell death during Drosophila embryogenesis in wild type embryos was first carried out by Abrams et al. [3] . Using a combination of vital dyes and electron microscopy, they showed that most cell death during Drosophila embryogenesis share the canonic characteristics of apoptosis. The vital dye Acridine Orange (AO) was found especially useful in labeling apoptotic cells in Drosophila embryos, although it seems to preferentially label cells in later stage of apoptosis. Often, it also labels the apoptotic bodies phagocytosed by migrating macrophages [3] . AO-positive cells first appear at embryonic stage 11 (about 7 h after egg laying (AEL)) in the precephalic region. However, the AO-labeling pattern quickly spreads to the other segments and reaches a peak level at stages 12 and 13 (8- The overall pattern of cell death, as revealed by AO staining or TUNEL, is very dynamic throughout the course of Drosophila embryogenesis after 7 h AEL [3, 4] . Although the general pattern associated with a particular developmental stage is highly reproducible, the exact number and positions of dying cells at a given point may vary significantly. For instance, the pattern of AO or TUNEL-positive cells in the ventral epidermis between stages 12-14 shows a rough segmentally repeated pattern associated with segment boundaries [4] . However, the positions and numbers of dying/dead cells are only partially symmetrical on the two sides of the midline.
A genetic screen identified that the genomic region deleted in the H99 deficiency mutant is required for almost all developmental cell death in Drosophila embryogenesis [5] . Three genes in this region, reaper [5] , hid [6] , and grim [7] , encode pro-apoptotic proteins that function as IAP (Inhibitor of Apoptosis)-antagonists. These proteins share an IAP-binding motif (IBM), which can bind to IAP and relieve its inhibition on caspases. A 4th IAP-antagonist, sickle, reside just upstream of reaper, but was not deleted in the H99 deficiency [8] [9] [10] . The four IAP-antagonists reside in a *350 kb region that is highly conserved as a synteny in the sequenced Drosophila genomes. With the exception of hid, expression of the IAP-antagonist genes appears to be limited to cells destined to die during embryogenesis. The pro-apoptotic function of Hid can be suppressed by the MAP kinase pathway and hid is the only one of the four whose mRNA can be detected in cells that do not die (Fig. 1) .
Diap1 is essential for the survival of embryonic cells. All cells die in a synchronous manner in embryos lacking functional Diap1 [11] [12] [13] . The function of regulatory caspase dronc [14, 15] and effector caspases drice and dcp-1 [16] is also required for proper programmed cell death during embryogenesis. However, since both diap1 and the three caspases are expressed ubiquitously in the embryo, it is unlikely that they play an important role in selecting which cell to die. Similar conclusion may be drawn for ark/ hac-1, the Drosophila ortholog of mammalian Apaf-1 [17] [18] [19] . Hac-1 is expressed ubiquitously in the developing embryo with an elevated level of expression in the procephalic region around stage 10-11 [17] , which may explain the enlarged brain observed for a hypomorph mutant allele [17, 19] .
The expression patterns of the IAP-antagonist genes indicate that they play pivotal roles in selecting cells to die during embryogenesis. Essentially all development cell death during embryogenesis is blocked in embryos homozygous for the H99 deletion. The central nervous system (CNS) of the H99 mutant embryo is about 3-4 times larger than the wild type at the end of embryogenesis, indicating that approximately 70% of the cells in embryonic CNS die during embryogenesis [5] . A similar ratio was observed in monitoring the developmental cell death of the glia cells at the CNS midline [20, 21] . Cell lineage-specific makers allowed monitoring of these cells during wild type embryogenesis as well as in the H99 mutant. While there are about 8-10 p{slit1.0-lacZ}-expressing midline glial (MG) cells per segment at early stage 12, only 3 cells remain there at the end of embryogenesis. The rest undergo cell death, which depends on the function of the three IAPantagonist genes deleted in H99 mutant [21] . However, not every cell lineage undergoes cell death during embryogenesis. For instance, the number of ventral unpaired neurons in the CNS midline remains unchanged during both wild type and H99 embryogenesis [21] .
Interestingly, many dying cells are quickly phagocytosed by migrating hemocytes/macrophages during embryogenesis [3, [21] [22] [23] . It seems that dying cells are ''pushed'' from their original location towards the space through which hemocytes will migrate. The change of cell shape, and the dissociation with neighboring cells during early apoptosis are at least in part due to the cleavage of junction proteins Discs large and Bazooka by caspases, as demonstrated by Chandraratna et al. using Diap1 depleted embryos [11] . The display of phagocytotic signals on the dying cells also depends on the function of IAP-antagonists and caspase activation, as supernumerous cells in H99 mutant embryos can not be phagocytosed. On the macrophage side, Croquemort is required for recognizing the apoptotic cells [24, 25] . However, the genesis of hemocytes in the cephalic mesoderm and their stereotypic migration in the embryo are independent of cell death, as both were largely normal in the H99 mutant background [21, 23] . Reciprocally, cell death can proceed normally in embryos that lack macrophages [23] .
The majority of cell death during embryogenesis occurs between stage 11 to stage 13. Most of the dying cells at this stage appear to be in the epidermis and the developing nervous system. In post stage 15 embryos, only discrete cells in the ventral nerve cord can be detected as AO or TUNEL-positive [3, 26] . Most of these late-dying cells appear to be neuroblasts [27, 28] . Unlike cell death at earlier stages, dying neuroblasts do not appear to be phagocytosed by macrophages.
Why are cells generated in the embryo eliminated just a few hours later? The reason may differ depending on the circumstance. For example, the midline glial cells guide the crossing over of the axons from each hemisphere, eventually forming the commissural axon tract. Interestingly, midline glial cell death concurs with the end of commissural axon formation and separation, suggesting that the MG cell death may be a mechanism to eliminate cells once they become obsolete [20] . On the other hand, cell death of the abdominal neuroblasts cells is timed to terminate their potential to proliferate [29, 30] . In H99 deficiency mutant that lacks reaper, hid, and grim, the rescued neuroblasts continues to proliferate and generate supernumerary cells. This indicates that cell death also serves to prevent overproliferation.
Toyama et al. also demonstrated that cell death in the aminoserosa cells actually contribute to the movement of cell sheet during morphogenesis [31] . The delamination and extrusion of the apoptotic cell produces a force that is required for bringing the cell sheet together during dorsal closure. This was a rather surprising finding. Clearly, the functional significance of cell death may well surpass what we have already known or thought about so far.
Death by design: genetic programming of cell death in the embryo
The segmentally repeated pattern of embryonic cell death suggests that it may be under the control of the same genetic program governing embryonic pattern formation (Fig. 1) . As we know, the positional information deposited in the egg during oogenesis is to be manifested by initiating in early embryogenesis a cascade of transcription factors and morphogens, the gradients of which specify individual cell fate based on the cell's position along the anteriorposterior and dorsal-ventral axes [32] [33] [34] . By stage 11 to 12, the segment polarity genes and homeotic genes have been induced and begin to take control of the development program. Segment polarity genes determine cell differentiation within each segment by marking the posterior and anterior borders of each segment, while homeotic genes define and maintain segment identity.
Cell death in the epidermis between stages 11-14 appears to be more concentrated at the border of each segment rather than in the middle [4] . In addition, the observed increase in cell death, when temperature sensitive wingless mutants are shifted to a non-permissive temperature at stage 11, appears to be concentrated at the anterior part of the segment. These results suggest that segmental polarity genes may have a direct impact on cell survival, although it is hard to rule out the possibility that the observed cell death is a consequence of abnormal differentiation.
Direct evidence of homeotic genes controlling cell death came when Lohmann et al. showed that Deformed (Dfd) could activate the expression of reaper through directly binding to enhancer elements about 2-3 kb upstream of the promoter [35] . Dfd-mediated cell death in the head is required for maintaining the boundary of two distinct head segments. Expression of reaper is also observed prior to the death of a differentiated motorneuron in segments T3-A8 [36] . The segment-specific death of this neuron requires the function of homeotic gene Ultrabithorax (Ubx). The survival of this neuron in the T1 and T2 segments depend on the function of Antennapedia (Antp), another homeotic gene. It remains to be seen as to whether the two homeotic transcription factors, UBX and ANTP, directly regulate reaper expression, and whether any other H99 pro-apoptotic genes besides reaper are involved. A similar association between homeotic genes and cell death was also observed for the death of post-embryonic neuroblasts cells, which is initiated by a burst expression of Abdominal-A (Abd-A) in these cells [29] . These studies indicate that under many developmental contexts, homeotic genes can selectively activate cell-autonomous cell death and sculpt the tissues into their distinct shapes.
Death by chance: growth factor control of cell survival
In metazoans, cell proliferation, differentiation, and cell death are precisely regulated during normal development to generate and maintain the correct composition of different cell types in a given tissue. Extracellular growth factors play an essential role in this regulatory mechanism to ensure that each cell type is present in appropriate numbers. It was postulated that death is the default fate of every cells, and that survival requires the stimulation from ''trophic'' factors [37] . In both insects and mammals, varieties of growth factors are required for the survival of cells. Their withdrawal leads to apoptosis [38, 39] . There are comprehensible advantages to relying on growth factors to determine a cell's survival or death. In addition to regulating cell number and organ size in developing organs to maintain tissue homeostasis, this mechanism could serve to remove misplaced cells formed by abnormal migration or injury. Moreover, competition for limiting amounts of growth factors could continuously select the most competitive cells that carry functional growth factor signal pathways [37] .
The importance of growth factor in controlling cell death during embryogenesis was revealed by the cell viability defect in a variety of tissues in embryos mutated for torpedo, the Drosophila EGF receptor (DER) [40] . Specifically, it has been shown that the survival of the midline glia is dependent on the EGF signaling pathway.
While there were about 3 slit1.0-lacZ expressing cells per segment in late stage wild type embryos, there was less than one per segment left in embryos mutated for spitz (Drosophila EGF), rhomboid, or DER [41, 42] . The effect of the EGF signaling pathway on MG survival is mediated by the inhibition of HID pro-apoptotic activity and suppression of hid transcription [43, 44] . Direct phosphorylation of HID by the MAP Kinase, a downstream component of the EGFR signaling pathway, inhibits its activity to induce cell death [43] . Using an elegant design, Bergmann et al. showed that the MG survival is directly correlated with MAPK activity levels [45] . Expression of dominant-negative EGFR or spitz null mutant leads to severely compromised MG survival. Expression of a membrane-linked Spitz precursor (mSpitz) in the MG did not rescue the cells, whereas mSpitz expressed from adjacent neurons effectively rescued MG. Moreover, overexpression of activated Spitz results in supernumerary MG, indicating that physiological levels of Spitz are limited and that is the determinant of MG survival. These data characterized a complete signaling pathway, in which extracellular growth factor Spitz, provided by the neuron, activates MG surface EGFR and the Ras/MAPK cascade to suppress Hiddependent cell death.
The emerged model of MG cell survival can be summarized accordingly. Shortly after the formation of the commissural axons (stage 11), hid (and reaper) are expressed in a group of midline glia. These cells compete for the growth factor provided by neurons. The glial cells that have the closest (most) contact with the axons will survive while the others will die and become phagocytosed by migrating macrophages. All of this is completed by stage 15, roughly 6-7 h after stage 11. While the model seems rather stochastic, the result is amazingly precise. There are typically 3 slit1.0-lacZ expressing cells left per segment at the end of embryogenesis, with very little variation.
EGFR-mediated signaling is also responsible for controlling cell death and compartment size during Drosophila embryogenesis [46] . Each segment of the Drosophila embryonic epidermis can be divided into anterior (A) and posterior (P) compartments. Parker's work showed that cell survival and growth in the P compartment are stimulated by the release of Spitz from the neighboring A compartment cells. However, the Spitz secretion is limited, so that increasing the number of cells within the P compartment causes a drop of per-cell Spitz level. This leads to compensatory apoptosis and cell-size reductions that preserve compartment dimension. In contrast, elevated EGFR signaling will promote cell survival and increase cell size.
Expression of the IAP-antagonist genes
The fact that almost all developmental cell death is blocked in H99 mutant embryos underscores the importance of the IAP-antagonists in regulating cell death during embryogenesis. In the developing embryo, both caspases and DIAP1 are ubiquitously expressed. It seems that in all of the analyzed embryonic systems, expression of the IAPantagonists reaper, hid, or grim is required for inducing cell death. It has recently been shown that HOW (held-out wing), an RNA-binding protein that can interact with the 3 0 untranslated region of diap1 mRNA, and suppresses DIAP1 levels [47] . HOW mutants have more MG cells per segment than wild type, and have lower levels of activated caspase-3. While reduction of DIAP1 by HOW can increase cellular sensitivity to apoptotic signals, there is no evidence that HOW expression alone is sufficient to induce cell death. Thus the expression of the IAP-antagonists appears to be the main mechanism of developmental cell death in the embryo. The pattern of reaper, grim, and sickle in post-stage 11 embryos corresponds well with the cell death pattern, indicating that these genes are specifically expressed in cells destined to die. HID is the only one of the four IAPantagonists that is expressed in cells that do not die at the end of embryogenesis, which is most likely due to the fact that its pro-apoptotic activity can be suppressed by MAPK. In the case of the MG cells, both hid and reaper are expressed in these cells to mediate cell death in a synergistic fashion [48] . Removing the function of one of the genes will result in a partial rescue compared to the total blocking of cell death in H99 mutants [48] . Coordinated expression of reaper and hid has also been observed in several other systems, such as ecdysone-induced degeneration of the midgut and salivary gland during metamorphosis [49] . In these systems, removing the function of one of the IAPantagonists often has only a mild or minor effect [50, 51] . Although all four IAP-antagonists induce cell death mainly through their IAP-binding motif, their functions are not merely redundant [52, 53] . In addition, RPR, GRIM, and SICKLE also have a C-terminal motif that could induce cell death at least in over-expression settings [54] [55] [56] [57] .
Interestingly, coordinated expression of reaper and hid is also observed when embryos at or before stage 11 are irradiated with ionizing irradiation. This coordinated induction is mediated by enhancers located upstream of reaper [26] . When this enhancer region is deleted, both reaper and hid lose their responsiveness to irradiation, suggesting that the same set of enhancers can regulate the expression of both genes. The responsiveness of reaper and hid to irradiationinduced DNA damage is developmental stage specificboth genes became irresponsive to irradiation in embryos after stage 12. This sensitive-to-resistant transition is due to epigenetic regulation of the irradiation responsive enhancer region (IRER). Around stage 12, this region forms a heterochromatin-like structure that is inaccessible to DNase I, accompanied with the enrichment of repressive chromatin marks, such as H3K27me3 and H3K9me3, and the binding of Heterochromatin Protein 1 and Polycomb group proteins [26] . This epigenetic regulation is specific to the enhancer region. The transcribed region of reaper remains open at later stage of embryogenesis. Nonetheless, it is notable that epigenetic blocking of IRER corresponds with a general decline of reaper/hid expression and cell death in the embryo. It is possible that IRER is responsible for mediating reaper/hid expression in response to cellular stress such as limitation of growth factors, a hypothesis that still awaits experimental evidence. It seems that understanding the transcriptional regulation of the IAP-antagonists is crucial to understand how cells are specified to die during embryogenesis. Even though the EGFR pathway is responsible for determining the number of MG cells that can survive, the specific expression of hid (and reaper) in these cells is the prerequisite for cell death in this lineage (Fig. 2) . The full characterization of the transcriptional regulation of the IAP-antagonists will not be a simple task. The four genes are located in a 350 kb region that is conserved as a synteny in all of the sequenced Drosophila genomes (Fig. 3) . All four genes are transcribed in the same direction (telomere of Chr. 3L). Remarkably long intergenic regions (99 and 40 kb, respectively) flank the reaper transcribed region. These two long intergenic regions are highly conserved in distantly related Drosophila species and are enriched for Highly Conserved Non-coding Elements (HCNE). HCNEs are 50-150 bp genomic sequences that are over 95-98% identical in different species. The clustering of HCNEs, such as the pattern in the IAP-antagonists' region, is often associated with syntenies that form a genomic regulatory block (GRB) in both insects and vertebrates [58, 59] . GRBs often have several genes that are coordinately regulated by the enhancers located in the HCNEs. It seems clear that the four IAP-antagonists are in a genomic regulatory block. However, identifying all of the enhancers and interactions between/among the enhancers and promoters will be a challenge that demands dedicated effort.
